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Abstract
We developed an experimental setup to test the hypothesis that accretionary rims around chondrules formed in the solar nebula
by accretion of dust on the surfaces of hot chondrules. Our experimental method allows us to form dust rims around chondrule
analogs while levitated in an inert-gas flow. We used micrometer-sized powdered San Carlos olivine to accrete individual dust
particles onto the chondrule analogs at room temperature (20◦C) and at 1100◦C. The resulting dust rims were analyzed by means
of two different techniques: non-destructive micro computer tomography, and scanning electron microscopy. Both methods give
very similar results for the dust rim structure and a mean dust rim porosity of 60 percent for the hot coated samples, demonstrating
that both methods are equally well suited for sample analysis. The chondrule analog’s bulk composition has no measurable impact
on the accretion efficiency of the dust. We measured the chemical composition of chondrule analog and dust rim to check whether
elemental exchange between the two components occurred. Such a reaction zone was not found; thus, we can experimentally
confirm the sharp border between chondrules and dust rims described in the literature. We adopted a simple model to derive
the degree of post-accretionary compaction for different carbonaceous chondrites. Moreover, we measured the rim porosity of a
fragment of Murchison meteorite, analyzed it with micro-CT and found rim porosities with this technique that are comparable to
those described in the literature.
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1. Introduction
Chondrites are the most common class of meteorites and
make up ∼ 80 vol.% of the meteorites in our collections
(Bischoff and Geiger, 1995, e.g.). Chondrites are composed
of 0-80 vol.% chondrules, 0-100 vol.% matrix material, 0-
70 vol.% opaque phases and 0-3 vol.% Ca,Al-rich inclusions
(Brearley and Jones (1998); Zanda (2004) ; Hezel et al. (2008);
McSween (1977)). Age determination by Amelin et al. (2002)
and Kurahashi et al. (2008) show that chondrules are formed in
a time interval around 2.5±1.2 million years after the first solids
in the solar nebula, the Ca- and Al-rich inclusions (CAIs). Thus,
chondrules were witnesses to the agglomeration phase of planet
formation. Chondrules are up to several mm in diameter, often
spherical and can have dust rims around them (Metzler et al.,
1992) – the latter are the focus of this study. Detailed laboratory
studies provide important clues on the formation and evolution
of chondrules and their rims. Allen et al. (1980) proposed that
chondrules, which had formed by some yet unknown energetic
process, were freely floating in the solar nebula for some time
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before they were incorporated into planetesimals. During this
period, the chondrules interacted with the gas and dust grains of
the solar nebula. In the anticipated low-velocity collisions be-
tween chondrules and the micrometer-sized dust grains, the lat-
ter sticks to the surface of the chondrules (Blum and Schra¨pler,
2004) and forms a dusty rim (Beitz et al., 2012). There are
several competing suggestions to how long it takes to form an
accretionary dust rim around a chondrule: (i) Kring (1989) con-
clude that in regions of high dust densities accretion occurred
on time scales in the order of several minutes. High dust densi-
ties are in agreement with the shock wave model as the source
for the high temperature event in which chondrules formed (De-
sch and Connolly, 2002). In this model the starting temperature
is about 300 K, peak temperatures during the shock are between
1568◦C and 1727◦C, depending on chondrule number density,
and after the propagation of the shock wave the temperature
falls back to > 870◦C. According to this scenario, a higher dust
density is present when the ambient temperature falls below
the condensation temperatures of the evaporated constituents
(Lodders (2003); Ebel and Grossman (2000); Alexander et al.
(2008)) and this is also consistent with a faster accretion pro-
cess. (ii) Cuzzi (2004) and Carballido (2011) calculate a time
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Figure 1: Sketch of the setup at the University of G”ottingen to levitate mm-
sized chondrule analogs in a vertical gas flow (for details of the apparatus, see
Pack et al. (2010)). The dust disperser provides the gas stream with embedded
single µm-sized dust grains, while the laser heats the levitated chondrule to
temperatures up to and above its liquidus.
span of 10 to1000 years for the accretion of dust, as a result of
lower dust densities in their simulations.
Here, we test the first hypothesis that chondrule rims accreted
in a very fast process. We designed an experimental setup in
which dust rims around artificial chondrules are produced un-
der reducing conditions. Kring (1991) and Krot and Wasson
(1995) constrained the temperature for rim accretion. They
studied different types of chondrule rims and concluded rim
accretion happened at elevated temperatures. Desch and Con-
nolly (2002) calculated a temperature in the post-shock region
of > 870◦C and slow cooling rates of 0 − 35K h−1 at 1100◦C
after the shock. Therefore, we chose a constant temperature for
our experiment of 1100◦C. Another advantage of choosing this
temperature is that the chondrule is solid at 1100◦C (Radomsky
and Hewins, 1990) and the formation of a sharp boundary be-
tween rim and chondrule (Metzler et al., 1992) can be tested. In
addition, we performed the same experiments at room temper-
ature to constrain whether or not the temperature influences the
morphology and shape of the rim.
In the first part of this study, three experiments were pre-
formed in which a dust rim was added to the surface of chon-
drule analogs. Their individual porosities were measured using
mirco-CT (computer aided tomography) and BSE-images (back
scattered electron). In the second part, we use a simple model
to derive the degree of compaction for different CV chondrites.
In the model, we assume that the porosity of the accreted dust
rim in our experiment at 1100◦C is comparable to the matrix
porosity. For the chondrule rim accreted at room temperature
we choose a fragment of the Murchison CM2 chondrite to be
analyzed by micro-CT and be compared to the porosities of the
chondrule analogs’ rims.
2. Levitation Experiments
Experimental Setup
To experimentally test the hypothesis that accretionary rims
were formed around free-floating chondrules, we used an im-
proved version of the levitation apparatus at the University of
Go¨ttingen that is described in Pack et al. (2010). The experi-
mental setup consists of a funnel in which the chondrule analog
with a diameter of up to 2 mm can be levitated in a vertical gas
flow. A 50 W CO2 laser (manufacturer SYNRAD) is mounted
such that the chondrule analog can be heated from the top, while
being levitated in the funnel (Mathieu and Pack, 2011). A com-
mercial dust disperser (RGB 1000, Palas GmbH) is attached
to the setup and provides a gas flow enriched with homoge-
neously dispersed single, micrometer-sized dust grains through
the funnel. The schematics of the setup are shown in Figure 1.
This levitation technique has already been used in earlier ex-
periments to form highly porous dust rims around millimeter-
sized glass beads at room temperature (Beitz et al., 2012). The
dust particles in the previous study were monodisperse, spher-
ical SiO2 grains with 1.5 µm diameter. Beitz et al. (2012)
measured a rim porosity of around 82 vol.%, which is very
close to the BPCA (Ballistic Particle-Cluster Agglomeration)
limit. Beitz et al. (2012) excluded collisions of the dust-coated
chondrule analog with the funnel wall because such collisions
would have significantly decreased the porosity. Gundlach et al.
(2011) measured the dispersion efficiency of the dust disperser
and found for the monodisperse SiO2 grains that more than 75
% of the dust particles are being perfectly de-agglomerated into
monomers, 15 % of the particles are dimers, and 10 % of the
particles are trimers or higher polymers. We conclude from
these measurements that in our study mostly monomer dust
grains collide with the chondrule analog and that no rim com-
paction due to collisions with the funnel wall occurs.
Experimental Samples
We produced a total of 3 samples. The chondrule analogs had
either a forsterite or a spinel composition and were produced
by mixing reagent grade oxides (SiO2, Al2O3, and MgO) and
carbonates (CaCO3) in the proportions given by Mathieu et al.
(2011). The material was dryly ground to a fine powder in an
agate mortar. Two starting compositions (from Mathieu (2009))
were used for the experiments: i) Fo3 composed of 47.14 wt%
SiO2, 20.23 wt% Al2O3, 17.79 wt% CaO, and 14.61 wt% MgO
(later Fo3-chondrule analog) and ii) Sp1 composed of 43.73
wt% SiO2, 25.55 wt% Al2O3, 16.40 wt% CaO, and 14.12 wt%
MgO (later Sp1-chondrule analog). Their respective liquidus
temperatures are 1320◦C and 1405◦C and their solidus temper-
atures are 1274◦C and 1319◦C (Presnall et al., 1978). The pow-
der was pre-fused inside a mm-sized carbon cup using a laser
(Pack et al., 2010). The resulting irregular-shaped, crystallized
silicate piece was then introduced in the gas flow inside the fun-
nel and subsequently heated above the liquidus to form a glassy,
spherical chondrule analog.
Of the 3 samples, one spinel-chondrule analog (hot Sp1) and
one olivine chondrule analog (Fo3) were used for the dust ac-
cretion experiments at 1100 ◦C. The second spinel-chondrule
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Figure 2: Size distribution of the olivine dust grains that stuck to the chondrule
analog’s surface. Plotted is the normalized number fraction versus the diameter
of the dust grains. The parameter φ is a measure for the grain diameter, i.e.
φ = − log2(grain diameter in mm).
analog (cold Sp1) was coated at room temperature. The Fo3-
chondrule analog had a diameter of 1.5 mm and was analyzed
by means of micro-CT at the Natural History Museum in Lon-
don and by means of BSE-images at the TU Braunschweig. The
hot Sp1-chondrule analog had a diameter of 1.6 mm and was
analyzed by means of standard SEM technique and a micro-
CT at the TU Braunschweig. The cold Sp1 chondrule analog
was only analyzed by SEM at the TU Braunschweig. All pro-
duced chondrule analogs posses bulk densities of ∼ 2.7 g cm−3.
The densities were calculated using the commercial software
Magma Density Calculator by Grabbo Soft.
To produce the accretionary dust rims, the chondrule analogs
were placed in the gas flow inside the funnel. For the rim aggre-
gation at 1100◦C we used a 90%−10% argon-hydrogen mixture
to aerodynamically levitate the chondrule analogs. The hydro-
gen was added to prevent oxidization of the Fe content in the
olivine dust. The cold Sp1 chondrule analog was levitated us-
ing air. To produce the dust rims around the chondrule analogs
and to distinguish between chondrule analog and dust rim after
the experiment, San Carlos olivine (San Carlos, Arizona, USA)
was chosen as the aggregating dust grains. In San Carlos olivine
we measured an Fe abundance of ∼ 6 wt.% using the EDX of
the SEM. The Fe content is used to trace the boundary between
the dust rim and the Fe-free chondrule analogs. The individual
olivine dust grains have irregular shapes, an initial size range
between 0.1 and 10 µm, and a density of ∼ 3.2 g cm−3. The
size distribution of the olivine grains stuck to the surface of the
chondrule analogs can be determined from BSE-images of the
cold Sp1 chondrule analog. For this, we binarized a BSE-image
and measured the cross-sectional areas of all visible dust grains.
From these measurements we calculated dust grain diameters
assuming a spherical shape of the dust grains. The particle size
distribution is shown in Figure 2, in which the normalized num-
ber fraction is plotted versus the grain diameter. We found that
the experimental dust grain size distribution is in agreement to
the measured dust grain sizes of fine grained rims of CM chon-
drites (Ashworth, 1977), but is truncated at grain sizes of 4 µm,
due to the low sticking efficiency of larger dust grains.
In both experimental runs at 1100 ◦C, we heated the chon-
drule analogs to 1100◦C (±30◦C, (Mathieu and Pack, 2011)),
which takes a few seconds, and then introduced the olivine
dust in the gas flow for a duration of 120 s. The temperature
is controlled via the laser energy using the LabView program
(Mathieu and Pack, 2011). After the coating time, the laser
was abruptly switched off and the floating chondrule cooled
down to room temperature in less then ten seconds (Nagashima
et al., 2006). The cooled chondrule analogs with the formed
dust rims were carefully extracted using tweezers. The hot Sp1-
chondrule analog was embedded in epoxy resin to be analyzed
with the SEM technique first and then with the mirco-CT. The
Fo3-chondrule analog was carefully stored in cellular plastic
and first analyzed with the micro-CT at the Natural History Mu-
seum London and then embedded in epoxy resin to be analyzed
with the SEM. Details on all measurements are summarized in
Table 1.
3. Analytical Methods
We used SEM and micro-CT to analyze the dust rims of Fo3
and hot Sp1. The rim of the cold Sp1 chondrule analog was
only analyzed with the SEM. Details on each sample analysis
are summarized in Table 1. In addition, we used micro-CT to
measure chondrule rim and matrix porosity of a fragment of
Murchison (CM2).
Micro Computer Aided Tomography (micro-CT)
The dust-coated Fo3-chondrule analog was scanned with a
cabinet-based Nikon Metrology HMX ST 225 micro-CT scan-
ner. The X-ray source produces a polychromatic beam and
was operated in the range of 120-160 kV acceleration voltage
and 60-100 µA current. X-ray transmission was recorded on
a 2000 × 2000 pixel Perkin Elmer XRD 1621 AN3 HS detec-
tor panel with a 16 bit intensity depth. Reconstruction of the
radial projection images into a stack of serial slices was car-
ried out using the cone-beam, back-projection algorithms in
the CT-Pro software by Nikon Metrology. Beam hardening
was corrected for using an algorithm built in the reconstruc-
tion software. More details on measurement conditions can be
found in Hezel et al. (2011). The hot Sp1-chondrule analog was
scanned by a MicroXCT-400 (Manufacture: xradia), using an
acceleration voltage of 80 kV and 125 µA current. A nanotom
160NF (Manufacture: phoenix) X-ray scanner was used to ana-
lyze Murchison. Measurement conditions were an acceleration
voltage of 150 kV and a current of 28 µA.
Scanning Electron Microscopy (SEM)
All three chondrule analogs were analyzed by scanning elec-
tron microscopy. They were embedded in epoxy resin and pol-
ished down to their midplane. The hot Sp1-chondrule analog
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Figure 3: The figure shows an analysis of the dust rim accreted to the Fo3-chondrule at elevated temperatures. This chondrule was first analyzed with the micro-CT
at the Natural History Museum, London and was not embedded in epoxy resin for this measurement. Later it was embedded in epoxy resin, but it had lost a large
part of its rim due to transportation. The embedded sample was then analyzed with an SEM. a) The BSE-image shows a small part of the Fo3-chondrule rim that
was not completely destroyed and could be used for the measurement. The image shown in b) is a typical reconstructed micro-CT slide. The resolution of this
image is lower by a factor of 29 compared with the BSE-image shown in a). A larger part of the micro-CT reconstruction of the Fo3-chondrule can be found as
online material (electronic annex). The plots c) and d) show the results of the SEM and the micro-CT measurements of the dust rim porosity, respectively. Plotted
is the rim porosity as a function of radial distance from the surfaces of the Fo3-chondrule analog. The porosity of the chondrule analog was normalized to a value
of zero. A porosity value of 100 vol.% denotes the outer border of the rim. Both, the outer and inner border of the rim are indicated by vertical dashed lines. The
horizontal line at a porosity of 60 vol.% depicts the mean value for the inner part of the accreted dust rim. The mean values of all measurements represented by the
black circles, squares indicate single measurements.
4
distance to chondrule-analog‘s surface [µm] distance to chondrule-analog‘s surface [µm]
p
o
ro
s
it
y
Figure 4: Same as Figure 3 but for the Sp1-chondrule analog. The figure shows the analysis of the dust rim accreted to the Sp1-chondrule at elevated temperatures.
This chondrule was first analyzed with the SEM at the TU Braunschweig and was therefore embedded in epoxy resin and polished to its midplane. Later it was
carefully cut out of the epoxy resin block to be analyzed with a micro-CT at the TU Braunschweig. a) The BSE-image shows a typical part of the Sp1-chondrule
rim. The image shown in b) is a typical reconstructed micro-CT slide. The resolution of this image is lower by a factor of 19 compared with the BSE-image shown
in a). The plots c) and d) show the results of the SEM and the micro-CT measurement of the dust rim porosity, respectively. Plotted are the rim porosities as a
function of radial distance from the surfaces of the Sp1-chondrule analog. The porosity of the chondrule analog was normalized to a value of zero. A porosity value
of 100 vol.% denotes the outer border of the rim. Both, the outer and inner border of the rim are indicated by vertical dashed lines. The horizontal line at a porosity
of 60 vol.% depicts the mean value for the inner part of the accreted dust rim. The mean values of all measurements are represented by black circles, squares indicate
single measurements.
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Table 1: List of measurement methods and conditions for the dust coated chondrule analogs
Composition Temperature [◦C] Embedded Method Resolution
Fo3 1100 no micro-CT [ 1.8 µmvoxel
Fo3 1100 yes SEM † 0.06 µmpixel
Sp1 1100 yes micro-CT \ 2.1 µmvoxel
Sp1 1100 yes SEM ] 0.11 µmpixel
Sp1 20 yes SEM † 0.06 µmpixel
[ Measurement performed at the Natural History Museum, London.,
† Measurement performed at the Institut fu¨r Halbleitertechnik (TU Braunschweig).
\ Measurement performed at the Institut fu¨r Partikeltechnik (TU Braunschweig).
] Measurement performed at the Institut fu¨r theoretische und physikalische Chemie (TU Braunschweig).
was analyzed with the scanning electron microscope JSM 6400
(Manufacture: JEOL), the Fo3-chondrule analog as well as the
cold Sp1-chondrule analog were analyzed using a Cambridge
S360 SEM. The details of the SEM measurements are summa-
rized in Table 1. Both SEMs were operated with an acceleration
voltage of 20 kV. Back-scattered electron (BSE) images were
taken, for which the gray value represents the combined atomic
weight for each pixel of the analyzed sample. Thus, the gray
values of a BSE image is a measure of the density of the sam-
ple at each pixel. An additional advantage of this method is that
the low-density epoxy resin appears dark on the BSE images,
because of its low atomic weight.
4. Results
Porosity of dust rims on chondrule analogs
The Fo3- and the hot Sp1-chondrule analogs were analyzed
by micro-CT with a voxel edge length of 1.8 µm and 2.1 µm,
respectively. Thus, the resolution was in both cases too low to
resolve all of the individual olivine dust grains so that the data
analysis was done by averaging the gray values of the voxels
as a function of distance to the chondrule analog’s surface. To
determine the rim porosity, three volumes of the dust rim, each
having a size of 55 × 65 × 100 voxels for the Fo3-chondrule
analog and 30 × 26 × 45 voxels for the Sp1-chondrule analog
were arbitrarily chosen from the data set. These data cuboids
were cut out of the chondrule analog in such a way that the face
bending of the chondrule analog’s surface was negligible. One
scaled layer of such a data cuboid is shown in Figure 3b) for
the Fo3-chondrule analog and in Figure 4b) for the hot Sp1-
chondrule analog. The images were normalized by setting an
upper and a lower threshold. For the porosity, the lower limit,
i.e. 0 vol. % porosity, was defined as the gray value repre-
senting the mass density of the olivine dust (3.2 g cm−3). This
lower limit is present in both samples at the boundary between
dust rim and chondrule analog where a dense layer of olivine
dust was sintered to the chondrule analog’s surface. The up-
per limit, i.e. 100 vol. % porosity, is defined by the gray
value representing the mass density of the background, i.e. air
for the Fo3-chondrule analog and the epoxide resin for the hot
Sp1-chondrule analog. To derive the porosity at any distance
from the chondrule analog’s surface, we averaged the normal-
ized gray values for every line and over the complete stack of
reconstructed images. The result for the three data cuboids for
each chondrule is plotted in Figs. 3d) and 4d), respectively. The
gray squares and triangles denote single measurements, the cir-
cles the average rim porosity as a function of the distance to the
chondrule analog’s surface. A horizontal dashed line indicates
the mean porosity of the rim’s center where we found a plateau
at ∼ 60 vol.% porosity for both samples.
We cross-checked the porosity results from micro-CT to
porosity results determined from BSE-images. This was done
in the same way as above, only that BSE-images are used in-
stead of a tomographic slice. Two BSE images were used to
determine porosities for the hot Sp1-chondrule analog and one
image each was used to determine porosities the Fo3- and the
cold Sp1-chondrule analog. The results for all three chondrule
analogs are plotted in Figure 4c), Figure 3c) and Figure 5b), re-
spectively. Most of the Fo3-chondrule rim was destroyed dur-
ing transportation and therefore only the inner part of the rim
could be analyzed. An image of the remaining rim is shown in
Figure 3a). This image has a resolution of 0.06 µm per pixel.
The rim accreted by the hot Sp1-chondrule analog is shown in
the BSE image of Fig. 4a). The image has a resolution of 0.11
µm per pixel. Thus, most of the olivine dust particles could be
resolved in detail.
Fig. 5a) shows the dust rim accreted by the cold-coated chon-
drule. The image has a resolution of 0.06 µm per pixel.
The dust rim porosities for the Fo3- and hot Sp1-chondrule
analog are plotted as a function of the distance to the chon-
drule analogs’ surface in Figure 3 and Figure 4. We found that
the results of the two analysis techniques we used are in good
agreement, giving identical values for the mean porosity of the
dust rims of ∼ 60 vol. %. The results from micro-CT display
a smooth porosity curve, due to the comparatively low spatial
resolution and the large number of images we used for the anal-
ysis. The porosity curves resulting from the BSE-images show
considerably more scattering because of the intrinsically high
spatial resolution at which contributions from individual dust
grains become important, and the low number of images used
for the SEM measurements. Nevertheless, all curves possess
the same overall shape and yield the same porosity value of 60
vol. % for the main part of the rim.
A general difference of the accretion efficiency among the
two chondrule analogs were not found in the experiments.
For the Fo3-chondrule analog we measure a rim thickness of
∼ 66 µm using micro-CT compared to a much lower value using
6
Figure 5: Dust rim accreted to the Sp1-chondrule at room temperature. This
chondrule was analyzed with the SEM at the TU Braunschweig. a) The BSE-
image shows a part of the cold-accreted chondrule rim. b) shows the result of
the rim porosity measurement. Plotted is the rim porosity as a function of the
radial distance from the surface of the chondrule analog. The porosity of the
chondrule analog was normalized to a value of zero. A porosity value of 100
vol.% denotes the outer border of the rim. The outer and inner border of the rim
are indicated by vertical dashed lines. The dashed horizontal line at a porosity
of 60 vol.% depicts the mean value that was found for the hot coated chondrules
shown in Figure 3 and Figure 4, the dotted line depicts the mean porosity of 75
vol.% for the cold accreted rim.
SEM. This is because the chondrule lost most of its rim during
transportation. For the hot Sp1-chondrule we found a rim thick-
ness of ∼ 60 µm using the micro-CT technique and ∼ 57 µm
with SEM. The rim thicknesses normalized to the core diame-
ters are much lower in this study (∼ 0.04) than those measured
for fine grained rims by Metzler et al. (1992) (∼ 0.19). This
difference depends on the one hand on the coating technique
that limits the thickness of the rim due to the levitation height
in the funnel, and on the other hand on the limited coating time
in the experiment. Beitz et al. (2012) have shown that the rim
thickness depends linearly on the coating time and could be
identified with the time a chondrule is flying freely in the neb-
ula. To constrain whether the gas-to-dust ratio is comparable to
that expected for the solar nebula, we measured the dust flux, as
well as the gas flux through the funnel, and calculated the gas-
to-dust ratio to be between 400 and 600, which is a comparable
Figure 6: Elemental composition at the chondrule analog’s center (squares)
and close to its surface (crosses) compared to the rim composition measured at
the outer border of the rim. The dashed lines can be interpreted as the direction
in which the crosses should have migrated if elemental exchange between the
two components occurred in a possible reaction zone between the rim (San
Carlos olivine composition) and the chondrule analog material.
to the value used in simulations by Morris and Desch (2010)
within a factor of two.
The BSE images show whether or not the chondrule analogs
were crystalline after the experimental runs. It has not been
the focus of this study to reproduce realistic chondrule textures.
Thus, realistic textures could not be expected regarding the ex-
perimental temperature profile we used. We found that the
hot Sp1-chondrule analog is glass. This allows us to analyze
the Sp1-chondrule analog’s composition using EDX and to test
whether or not elemental exchange between the chondrule ana-
log and its rim occurred.
The BSE-images of Figure 3a) and 4a) show that several
dust grains are sintered to the surface of the chondrule. The
experimental temperature of 1100◦C was well below the melt-
ing point of both the chondrule analogs and the olivine dust
(Tliq ≥ 1750◦C). To constrain whether this sintering is accom-
panied by an elemental exchange between dust grains and chon-
drule analog, we measured the element composition of the dif-
ferent components at this interface using the SEM. The mea-
surement was done on the hot Sp1-chondrule, which was still a
glass. Three measurements were performed, one on the chon-
drule analog side of the chondrule-rim boundary (a few µm in-
side of the chondrule analog’s edge), the second at the center
of the chondrule analog to measure the unaltered composition
of the chondrule analog, and finally, the natural composition of
the olivine dust was determined by a spot analysis of a large
olivine grain well outside the chondrule analog-rim boundary.
In Figure 6, the measured compositions of the chondrule ana-
log is plotted against the olivine dust composition. The squares
denote the composition of the chondrule analog at its center,
whereas the crosses show the composition close to the chon-
drule analog-dust boundary. A comparison of the data from
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the chondrule analog’s center and its periphery shows no sign
of elemental exchange with material from the olivine dust. A
potential diffusion can be best analyzed using the constituents
Fe and Mg as tracers, because both diffuse easily. The chon-
drule analog contains no Fe and has a low Mg content. Both
elements are much higher concentrated in the olivine dust rim
material so that a diffusion of these elements should lead to an
enhancement in their abundances close to the chondrule ana-
log’s surface. However, there is no difference in concentrations
of Fe and Mg between the chondrule analog in the center and at
the border of the rim. Therefore, we can exclude a substantial
exchange of these elements between the two components.
Porosity of chondrule rims in Murchison
To compare the rim porosities from the experimental sam-
ples with porosities of real chondrule rims, we scanned a piece
of Murchison using the micro-CT at the Deutsches Zentrum fu¨r
Luft- und Raumfahrt (DLR) in Ko¨ln. This allows us to com-
pare our results to the porosity measurements of CM chondrites
by Ashworth (1977). The volume to measure the porosity of
Murchison chondrule rims had a dimension of 472 × 22 × 20
voxels with a voxel edge length of 5 µm. The alignment of the
measurement volume was chosen such that two chondrules are
at the sides of the volume and their dust rims are in the center
(see white box in Figure 7). The normalization of the images
was done in the same way as described above for the rimmed
chondrule analogs. The distribution of the gray values for this
data cuboid are shown in Fig. 8. These gray values are inter-
preted such that they represent the porosity distribution in this
cuboid. Therefore, a constant density for the chondrules and
the rims have to be assumed. Thus, we interpret the chondrules
as igneous beads with no porosity and these are normalized to
a porosity of zero. The upper threshold referring to a poros-
ity of 100 vol. % is given by the background noise outside of
the chondrite. Using these assumptions we calculated a mean
porosity of the chondrule rims of ∼ 10 vol.%.
5. Discussion
We used two independent techniques to study experimentally
produced dust rims and proved that micro-CT delivers sufficient
resolution to study the porosity of such rims. The porosity of
the dust rims around the chondrule analogs are very low at the
boundary between chondrule analog and dust rim, due to partial
melting or sintering. The porosity rapidly increases to a mean
value of 60 vol.% at about half way to the outer boundary of the
dust rim. At the outer boundary, the porosity increases from the
mean value of 60 vol.% to a porosity of 100 vol.% within only
of 10 to 20 µm.
The dust rim itself is not a layer of homogeneous thickness,
and varies by several µm. This variation could be the result
of rotation of the chondrule analog while aerodynamically levi-
tated in the funnel. Another reason could be shearing-off of the
outer rim parts during the embedding process into the epoxy
resin, but the variation can also be explained by the stochas-
tic absence/presence of a few larger olivine grains. There is
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Figure 7: The image shows a typical CT-slice of the analyzed piece of Murchi-
son. The white box highlights the area used to analyze the porosity of the
chondrules indicated with (a) and (d) as well as the porosity of the rims indi-
cated by (b) and (c), respectively. The resolution of the image is 5 µmvoxel , the
white arrows indicate chondrules.
no apparent evidence that the epoxy resin changed the porosity
dust rims. For both hot coated chondrule analogs, a consistent
depression of rim porosity could be found close to the inner
boundary of the dust rim between 5 and 20 µm from the chon-
drule analog’s surface. This gap in dust packing, easily visible
in the images and the porosity curves in Figures 3 and 4, can be
explained by a shrinkage of the chondrule analogs during their
rapid cooling. This is caused by abruptly switching off the laser
beam, and seems to be an artefact of the experimental run and
not a specific physical process acting during dust rim formation.
Most part of the dust rims produced at 1100 ◦C possesses a
constant porosity of 60 vol.% and, hence, can be regarded as the
typical result of the low-velocity accretion process of polydis-
perse dust at these temperatures. Consolmagno et al. (2008) re-
viewed the porosities of ordinary and carbonaceous chondrites
and found a wide range of bulk chondrite porosities between
9.7 and 35 vol.% for carbonaceous chondrites and between 7.0
and 8.2 vol.% for ordinary chondrites (cf. their Tables 1 and
4; see also Flynn et al. (1999)). These numbers represent the
macro-porosity for the overall meteorites.
The cold Sp1-chondrule analog has a porosity of 75 vol.% at
the center of the dust rim, which is higher than the measured
porosity of the hot coated samples. It appears that at higher
temperature rims of lower porosities form by sintering effects of
the dust grains. Chondrites of the CV3 type have rims with low
porosities and might therefore have formed at higher tempera-
tures than the dust rims around our chondrule analogs. Never-
theless, the fine grained rims in CM meteorites are typically not
altered due to temperature effects or sintering of dust grains and
therefore, the dust rim accreted by the cold-chondrule should
be compared with the fine grained rims found in CM chondrites
(Metzler et al., 1992).
We determined a porosity of ∼ 10 vol.% for the dust rim
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Table 2: Degree of compaction of four CV3 chondrites relative to an uncompacted matrix porosity of 60 vol.%.
CV3 Chondrite matrix abundance porosity difference between measured Compaction coefficient
[vol.%] [vol.%] and calculated value [vol.%] ζ60 vol.% (see Eq. 1)
Allende 63.1[ 23\ 14.9 0.39
Mokoia 55.6[ 24] 9.3 0.28
Vigarano 33.4† 13\ 14.0 0.70
Leoville 31.7† 6\ 6.0 0.31
[ fraction matrix and porosity (Hezel et al., 2011), † fraction matrix (Ebel et al., 2008),\ chondrite porosities taken from Consolmagno et al. (2008), ] chondrite
porosities taken from Corrigan et al. (1997)
a                  b      c                d
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Figure 8: The figure shows the gray value distribution of a piece of Murchi-
son meteorite. The inset shows a stack of the 20 micro-CT slices used for the
measurement and its alignment in the meteorite is represented by the white box
in Figure 7. The chondrules are indicated by the brighter areas (a) and (d), and
their mean gray value refers to a porosity of zero. The areas labeled with (b)
and (c) show the fine-grained chondrule rim of the two chondrules (a) and (d),
respectively. The difference in gray values between the mean chondrule gray
value and the rims gray values possess values of 17 and 15, respectively. The
vertical gray lines depict the transitions between the different regions, whereas
the horizontal line denotes the mean gray values. The porosity of the rims is
calculated from these differences to be ∼ 10 vol. %
around chondrules in Murchsion, which is within the range re-
ported by Ashworth (1977) (6 to 15 vol.%). The porosity value
is calculated by the difference in gray values of the micro-CT
images, assuming the same density of chondrule and rim mate-
rial. The constant density of rim and chondrule material must
be seen as a rough estimation and the so calculated porosity is
influenced by variations in the density of the dust grains and
the chondrules. These grain-density variations are measured by
Macke et al. (2011) to be about 6 vol.% for 14 pieces of Murchi-
son, using helium ideal-gas pycnometry. But the grain can vary
locally even more due to enclosed sulfides or Fe rich grains.
Taking the errors from Macke et al. (2011), our results are still
within the range of rim porosities given by Ashworth (1977).
Therefore, we conclude that the method to derive the density
characteristics by means of the gray values in micro-CT analy-
sis assuming a constant grain density is a well suited method to
estimate the global porosity structure and is consistent with the
mean density of other methods.
There is a significant difference in porosities of dust rims
around the chondrule analogs (60 and 75 vol.%, respectively)
and the Murchison chondrule rims (∼ 10 vol.%). If the rims
around the Murchison chondrules formed in a similar way to
our experimental dust rims, significant secondary compaction
and/or alteration is required to reduce the initial dust rim. There
are several possibilities to achieve this: i) As shown above,
higher temperatures during dust rim formation produces rims
of lower porosities, but the rim will possibly not possess a fine
grained structure any more, because of sintering of the dust
grains. ii) Gentle compaction due to impacts can decrease the
porosity (Wasson, 1995), but this is limited to the random close
packing and can also not explain the reported porosities below
this packing limit. iii) Aqueous alteration of phyllosilicates is
coupled to an increase of the dust grain volume and could lead
to a decrease in porosity of ∼ 10 vol.% (Wilson et al., 1999).
In this work, we have shown that accretion of dust rims in
low-velocity collisions leads to a high porosity, which is not
found in chondrites so that we conclude that additional com-
paction and alteration is required. Possible processes need to
be investigated in further experiments.
Beitz et al. (2012) showed that dust covered mm-sized glass
beads stick to one another in low-velocity collisions and are
likely to form clusters. Assuming dust rimmed chondrules act
as these glass beads and clusters, once formed, chondrule clus-
ters could further accrete nebular dust grains and the empty
space between the dust rimmed chondrules could further be
filled with dust and with a similar porosity as the dust rims.
Finally, this very basic scenario, in which no compaction in
collisions occurs, produces a big chondrite-like parent body.
We calculate the bulk porosity of such a parent body assum-
ing that matrix has the porosity of the dust rims around our
chondrule analogs and all non-matrix components have no sig-
nificant porosity. We compare the model porosity of such a
parent body to four CV chondrites (Allende, Mokoia, Vigarano
and Leoville), as there is a large scatter of reported porosities
and component modal abundances, even in a single subgroup
of chondrites.
First, bulk porosities of the chondrites were calculated using
the results from our experiments, later they will be compared to
the bulk porosities found in the literature for these chondrites.
For this calculation, we assumed that the non-matrix fraction of
the chondrites has no significant porosity (although there is a
low porosity in such components, cf. Hezel et al. (2011)) and
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that the porosity is restricted to the matrix. This means that the
bulk porosity of a meteorite is only dependent on the volume
fraction of the matrix. For the matrix porosity, we assume the
porosities measured for the hot and cold chondrule rims to be
a measure for the porosity of a uncompacted matrix fraction of
a chondrite. Thus, the dashed and dash dotted lines in Figure
9 denote the expected porosity of a hypothetical chondrite with
matrix porosities of 60 vol.% and 75 vol.%, respectively. Also
shown are the component modal abundances taken from Hezel
et al. (2011) for Allende and Mokoia and from Ebel et al. (2008)
for Vigarano and Leoville. These measured porosities (trian-
gles) are lower than the calculated in all four chondrites, which
we interpret as being due to compaction processes on their par-
ent bodies or further low temperature alteration. The length of
the dashed line between the calculated and the measured porosi-
ties is a measure of the degree of compaction. However, there is
no correlation between the degree of compaction and the poros-
ity, whereas the matrix abundance correlates positively with in-
creasing bulk chondrite porosity.
A compaction coefficient, defined as
ζ60 vol.% = 1 − PmeasPcalc,60 vol.% , (1)
with Pmeas and Pcalc,60 vol.% being the measured and modeled
porosities (in this case, the latter is assumed to be 60 vol.%),
can be used as a measure of the degree of compaction of the
chondrites. That numerical values of the compaction coeffi-
cient fall between 0 and 1 and can be interpreted as the degree
of compaction that does not depend on the matrix abundance
anymore. We use the compaction coefficient to compare the de-
gree of compaction of different chondrites relative to a matrix
porosity of 60 vol.%. All values for the conducted chondrites
are summarized in Table 2.
The mean compaction is 10.8 vol.% for the four chondrites.
However, the porosity difference for each chondrite scatters be-
tween only 6 vol.% for Leoville and 14.9 vol.% for Allende.
A comparison of the compaction coefficients of the four chon-
drites shows that Mokoia (ζ60 vol.% = 0.28) is the least com-
pacted, Leoville (ζ60 vol.% = 0.31) and Allende (ζ60 vol.% = 0.39)
are intermediate compacted and Vigarano (ζ60 vol.% = 0.70) is
the most altered or compacted chondrite in our study. Neverthe-
less, a significant compaction or alteration must have happened
to all tested CV chondrites.
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